Purpose: The pulmonary oxygen uptake (V  O 2 ) response is deleteriously influenced by obesity in pre-24 pubertal children, as evidenced by a slower phase II response relative to their normal-weight 25 counterparts. To date, no studies have investigated the ability of an exercise intervention to ameliorate 26 this deleterious influence. Therefore, the purpose of the present study was to investigate the influence 27 of a six week, high-intensity games orientated intervention on the O 2 kinetic response of pre-28 pubertal obese (OB) and normal-weight (NW) children during heavy intensity exercise. 29
Introduction 47
The prevalence of childhood obesity has reached epidemic proportions (Watts et al. 2005) , with the 48 World Health Organisation (WHO) recognising it as a major public health challenge of the 21 st 49 century (WHO 2010) . This is of paramount importance considering that obesity is strongly associated 50 with the occurrence of comorbities such as insulin resistance, type II diabetes mellitus, coronary 51 artery disease, stroke and heart failure (Poirier et al. 2006 ). Recent statistics suggest that ̴ 30% of 52 children are overweight or obese (Townsend et al. 2013 ). Furthermore, childhood obesity is known to 53 track strongly into adolescence and adulthood, with evidence suggesting that 80% of obese 54 adolescents will become obese adults (Schonfeld-Warden et al. 1997 ). Exercise has been widely 55 recognised as pivotal to resolving this obesity epidemic, however, there is little agreement within the 56 literature as to effective exercise interventions. Regular physical activity and exercise participation for 57 children, therefore, may be important in attenuating or even alleviating the severity of childhood 58
obesity. 59
Pulmonary oxygen uptake (V  O 2 ) kinetics describe the finite rate of adjustment to a sudden change in 60 metabolic demand, thus providing a functional evaluation of the integration of the pulmonary, 61 cardiovascular and skeletal systems (Whipp et al. 1990 ). During moderate intensity exercise below the 62 gas exchange threshold (GET), V  O 2 rises in a near-exponential manner (the so-called phase II 63 response), attaining a steady-state within 2-3 minutes in young, healthy adults (Whipp et al. 1972 ; 64 Whipp et al. 1982 ). The dynamic V  O 2 response becomes appreciably more complex during exercise 65 above the GET, with attainment of a steady state delayed, or even precluded, by the presence of a 66 supplementary "slow component" of Conversely, V  O 2 kinetics have also been shown to be deleteriously influenced by obesity during 71 4 weight-bearing exercise (Lambrick et al. 2013 ). The findings of this latter study are particularly 72 pertinent given the utilisation of a weight-bearing exercise (i.e., walking, running) which is an 73 important part of the daily activities of children. However, despite the sensitivity of V  O 2 kinetics and 74 the pivotal role of exercise and physical activity as an intervention to resolve obesity, no study to date 75 has investigated the influence of an exercise intervention on the V  O 2 response. Rather the reliance on training may only elicit a 5-6% increase in peak (Baquet et al. 2003) . The equivocal findings of 83 previous studies may also be attributable to differences in the duration, intensity and/or type of 84 exercise programme. Whilst the majority of previous studies have utilised continuous, sustained bouts 85 of exercise, such bouts fail to reflect the highly sporadic nature of children's play patterns which are 86 characterised by bursts of high-intensity, intermittent exercise (Bailey et al. 1995) . 87 88 Therefore, the purpose of the present study was to investigate the effect of a short-term exercise 89 intervention on the pulmonary oxygen uptake response of obese and normal weight children. To 90 ensure participant adherence and the relevance of the intervention to the daily physical activity 91 patterns of children, a high-intensity games model was used. We hypothesised that the intervention 92 would significantly speed the V  O 2 kinetics in the obese children. Furthermore, we also hypothesised 93 that the intervention would not influence the pre-pubescent, as determined by their predicted age at peak height velocity (Mirwald et al. 2002 ). On 103 average, children took part in two or more weekly bouts of physical activity (i.e., football, netball, 104 bike riding), as determined by parental-reports of activity status. Reported physical activity did not 105 differ between the obese and normal weight children. Child assent and parent/guardian consent were 106 obtained prior to participation. This research was conducted in agreement with the guidelines and 107 policies of the institutional ethics committee. initial visit to the laboratory. Following this, participants completed a baseline GXT to O 2 peak. 118
After a minimum 72 hour interim period, participants completed a baseline constant work-rate 119 exercise test. OB and NW participants were then randomised to either a 6-week child-specific, high-120
intensity exercise intervention, completed during school hours, or to a usual care control group which 121 Throughout all exercise tests, the treadmill grade was set at 1%. On-line respiratory gas analysis was 126 undertaken continuously using a breath-by-breath automatic gas exchange system (Sensormedics 127
Corporation, Yorba Linda, CA, USA). Children wore a paediatric facemask while they exercised to 128 allow respiratory variables to be monitored continuously. A paediatric wireless chest strap telemetry 129 system (Polar Electro T31, Kempele, Finland) measured heart rate (HR) throughout each exercise test. 130
All physical and physiological data were concealed from the participants for the duration of each test. 131 132
Graded exercise test 133
Children were firstly familiarised to a range of treadmill speeds (4, 6 & 8 km·h -1 ) and the testing 134 equipment. Habituation to the apparatus was considered essential to reduce any potential bias in the 135 measurements. The GXT followed a discontinuous incremental protocol to ascertain peak oxygen 136 for V  O 2 during ramp exercise accounted for (i.e., two-thirds of the ramp rate was deducted from the 145 work rate at the GET and V  O 2 peak (Whipp et al. 1981) .
147

Constant work rate tests 148
For the determination of V  O 2 kinetics, participants completed a series of "step" tests. The protocol 149 required participants to complete one moderate and one heavy intensity exercise bout, each of 6 min 150 duration. Each bout was preceded by 5 min of rest followed by an abrupt transition to the target speed. Participants were randomised to either a 6-week exercise programme (EX) or to a usual care control 154 group (CON). OB and NW participants were randomly assigned using simple randomisation 155 procedures (computerised random numbers). However, to ensure equal distribution of OB and NW 156 children to both EX and CON the randomisation procedure was implemented separately for each 157 group (OB, NW). Details of the allocated group were given on a piece of paper contained within 158 sequentially numbered, opaque sealed envelopes. The randomisation procedures were prepared by an 159 investigator with no involvement in the trial. Following randomisation, there were no significant 160 differences between the exercise and control groups with regard to their anthropometrics, peak or 161 constant work rate responses. 162
163
Exercise intervention 164
Participants randomised to EX completed a supervised high-intensity, child-specific, discontinuous 165 games programme for 6 weeks. This included participation in twice weekly 60 minute exercise 166 sessions, during which children were physically active for 40 minutes. There was a minimum 48 hour 167 recovery period between sessions. These sessions were conducted outside of the children's normal 168
Physical Education lessons (1 hr·wk -1 ) and were therefore considered supplementary exercise. 169
170
A two week pilot study demonstrated that children could manage repeated bouts of 6-minutes of high-171
intensity exercise followed by 2 minutes of recovery. To increase motivation, enjoyment and 172 adherence, and to ensure children took part in each game at a high-intensity, different games (n=14) 173
were used for each 6-minute exercise period (Howe et al. 2010 ). The 2-minute recovery period 174 allowed researchers to provide instructions concerning the subsequent game activity. During each 175 session, children took part in 6 child-specific games and a 4-minute circuit which included ladder 176 running, step-ups, skipping, star jumps, high knees, shuttle runs, jumping jacks and lateral jumps. HR 177 was constantly monitored throughout each exercise session (Polar Team 2 system, POLAR, Oulu, 178
Finland). (1 − −( − 1 )/ 1 ) + 2 • (1 − −( − 2 )/ 2 )) during heavy exercise was found to produce an inferior 207 and ambiguous fit. by an independent sample t-test which revealed no differences during either the incremental or 225 constant work rate tests. Therefore, the data for boys and girls were pooled for all further analyses. A 226 series of three-factor repeated measures analysis of variance (ANOVA), with weight status (NW, 227
OB) and exercise condition (EX, CON) as the between-participant factors and test (baseline, post-228
intervention) as the within-participant factor, were used to analyse maximal data from the GXT to V  229 O 2 peak and the physiological data reported from the constant work rate tests (for both moderate & 230 heavy intensity exercise). Where statistical differences were observed, post-hoc analyses using 231
Tukey's HSD were performed to identify where these differences lay. Where applicable, intention-to-232 treat analysis, whereby individual data recorded from the baseline assessment from a single 233 participant was carried forward and used in place of any missing data from the post-intervention 234 assessment, was used on all relevant repeated-measures statistical procedures. All statistical analyses 235 were conducted using PASW Statistics 21 (SPSS, Chicago, IL). All data are presented as means ± SD. 236
Statistical significance was accepted when P ≤ 0.05. 237
238
Results 239
Descriptive statistics 240
Participant descriptives are summarised in Table 1 . There were no anthropometrical differences 241 following randomisation between the exercise and control groups. The obese children demonstrated a 242 significantly higher weight (OB, 49.2 ± 8.9 cf. NW, 32.5 ± 8.9 kg; P < 0.05), BMI (OB, 23.3 ± 2.9 cf. 243 NW, 17.0 ± 2.9 kg·m -2 ; P < 0.05) and %BF (OB, 32.3 ± 7.0 cf. NW, 20.7 ± 6.9%; P < 0.05) than their 244 normal weight counterparts throughout the entire study. Irrespective of weight status, body mass 245 increased from baseline to post-intervention (40.4 ± 8.6 cf. 41.4 ± 9.3 kg, respectively; P < 0.05) 246 247
Maximal physiological responses 248
The physiological responses to the incremental exercise test are summarised in Table 2 . Both at 249 baseline and post-intervention, OB children demonstrated a higher V  O 2 peak than NW children when 250 expressed in absolute terms (2.4 ± 0.4 cf. 2.0 ± 0.4 L•min -1 , respectively; P < .001), but no differences 251 were observed when allometrically expressed relative to body mass. A significant increase in absolute 252 O 2 peak was observed between baseline and post-intervention (2.1 ± 0.4 cf. 2.2 ± 0.4 L•min -1 , 253 respectively; P < .001), but relative peak V  O 2 , was unchanged. Furthermore, there were no main 254 effects or interactions for HR (all P > .05), GET (L•min -1 ) or the fraction of VO 2 peak at which the 255 GET occurred, irrespective of weight status (OB, NW) or exercise condition (EX, CON) (P > .05). 256
257
During the moderate intensity exercise (Table 3) 
, a trend was observed for a Test by Exercise 259
Condition interaction for the phase II amplitude (P=0.061). Follow-up analysis demonstrated a lower 260 phase II amplitude at the post-intervention than baseline assessment for EX (0.44±0.09 cf. 0.47±0.09 261 L•min -1 , respectively) but not for CON (0.46±0.09 cf. 0.45±0.09 L•min -1 , respectively). The phase II 262 amplitude and gain were significantly higher in the OB children (all P<.01). 263
VO 2 kinetics: Heavy intensity exercise 264
The physiological data from the Heavy intensity exercise are reported in Table 4 . speeding of the phase II τ (20%) and MRT (24%) and reduction of the phase II amplitude (11%) was 316 observed in obese children during heavy intensity exercise following the exercise intervention. Whilst 317 direct comparisons are precluded, it is pertinent to note that long-term, intensive training has been 318 reported to elicit a phase II τ that is 32% faster than that observed in untrained counterparts (Winlove, 319 Jones et al. 2010) . This is remarkably similar to that observed in the present study and demonstrates 320 the efficacy of our short-term exercise intervention; a programme which reflects the high-intensity 321 nature of children's play patterns (Bailey, Olson et al. 1995) . These findings further support those 322 which suggest peak V  O 2 may lack sensitivity to changes in fitness (Impellizzeri, Marcora et al. 2005 ; of fitness of the normal-weight children at the start of the programme may plausibly have necessitated 330 a greater training stimulus for significant effects of the intervention to be observed in this population. 331
332
In healthy individuals during upright exercise, the dynamic O 2 response is purported to be 333 predominantly determined by factors inherent to the mitochondria. Specifically, the delayed activation 334 of oxidative phosphorylation at the onset of exercise is suggested to be partially attributable to 335 determinants such as pyruvate dehydrogenase (Grassi et al. 2002) , nitric oxide (Jones et al. 2003; 336 Jones et al. 2004 ) and the PC-Cr shuttle concept of regulation (Grassi 2005) . However, there may be 337 circumstances, such as certain pathologies or exercise conditions that are associated with an altered 338 microvascular O 2 partial pressure of a muscle fibre or the fibre type recruitment profile, in which rate 339 of the O 2 response is determined by oxygen delivery. Consequently, it is now widely accepted that 340 these two factors may co-exist on a continuum, distinguished by a "tipping point" in muscle oxygen 341 delivery. Therefore, the faster O 2 kinetics observed post-intervention in the obese children in the 342 present study may be attributable to an improved muscle oxygen delivery and/or to a greater muscle 343 oxidative capacity. Indeed, while information regarding the muscle oxidative capacity of children is 344 almost non-existent (Mahon 2008) , the limited information available suggests that training may elicit 345 an increased muscle oxidative enzyme activity (Eriksson et al. 1973; Fournier et al. 1982 ). An 346 increased mitochondrial volume following endurance training would be predicted to result in faster V 
347
O 2 kinetics (Meyer 1988) . Whether similar adaptations occurred in the present obese population 348 remains to be elucidated. However, when considering the mechanistic basis for the significant 349 speeding of the phase II response in the present obese children, it may be pertinent to consider the 350 greater proportion of type II muscle fibres reported in obese participants (Kriketos et al. 1997 In accordance with our previous study (Lambrick, what we would hypothesise, as a reduced reliance on type II fibres might be expected to be associated 370 with a reduced slow component magnitude. However, since muscle fibre type distribution and 371 abundance was not assessed in the present study, further interpretation is beyond the scope of the 372 current study. It is prudent to note, however, that the similar slow component amplitudes observed in 373 the present participants might be a reflection of a slower development of this component in the obese 374 individuals, i.e. the slow component might not have been fully manifest at 6 minutes in the obese 375 children, artificially causing it to appear diminished. 376
377
The exercise intervention utilised in the present study demonstrated high rates of adherence (94%) 378 and consequently proved highly successful in eliciting significant physiological adaptations. 379
However, the present study is not without its limitations. Bias may have been introduced into the 380 study as a result of voluntary participant recruitment, i.e., children who 'like' exercise wished to be 381 involved in the study and as such, this may be reflected in the high peak O 2 values observed pre-382 intervention, irrespective of weight-status. In terms of the findings, whilst a high baseline fitness may 383 explain the absence of an effect within the normal-weight children, it also indicates that the 384 intervention programme may have an even greater influence in a more representative obese 385 population. No measures of habitual physical activity were taken post-intervention, therefore it is not 386 presently possible to account for the effect of any potential changes in habitual physical activity and 387 their influence of the results observed. Finally, It is suggested that several repeat transitions are 388 needed for reliable characterisation of V  O 2 kinetic response (Lamarra et al. 1987) . Although the 389 current study only utilised one transition, the confidence intervals during heavy intensity exercise are 390 nonetheless within those advocated by Fawkner and Armstrong (2007) . 391
392
In conclusion, the present study demonstrates that a six week, high-intensity, games-orientated 393 intervention significantly improved the O 2 kinetic response of obese, pre-pubertal children. 394
Specifically, during heavy intensity exercise, the obese children demonstrated a 20% faster primary 395 phase response, 24% faster MRT and an 11% lower phase II amplitude. These adaptations would be 396 expected to reduce metabolic perturbation and fatigue development in the transition from a lower to a 397 higher metabolic rate, and may therefore improve exercise tolerance. Furthermore, if sustained, they 398 may directly translate to a reduced O 2 cost of daily activities and thereby potentially enhance 
